Introduction 62
Strigolactones (SLs) are a group of apocarotenoid compounds identified as germination stimulants of 63 root parasitic plants about 50 years ago (Cook et al., 1966) . They were later demonstrated to be 64 rhizosphere signaling molecules for arbuscular mycorrhizal symbiosis (Akiyama et al., 2005 ; a,b). We analyzed the SL content in both WT and the Ljmax1 mutant. We grew both genotypes in 139 hydroponic solution without Pi to induce SL production. 5DS and LL were detected in the root 140 exudates of WT, but were not detected in those of the Ljmax1 mutant (Fig. S2) . These results 141 demonstrated that LjMAX1 is the crucial enzyme in the biosynthesis of Lotus SLs. 142
To characterize the enzymatic function of the LjMAX1 in SL biosynthesis, we isolated the gene 143 
Lotus MAX1 catalyzes the conversion of CL via CLA to 18-HO-CLA, but not to 5DS in vitro 153
To characterize the conversion of CL by LjMAX1, the recombinant protein was expressed in yeast 154 strain WAT11 which was engineered to co-produce ATR1 using the galactose-inducible GAL10-CYC1 155 promoter of yeast (Pompon et al., 1996) . The resulting microsomal fractions were incubated with 156 either CL or CLA, and their metabolites were analyzed by LC-MS/MS. When incubated with CL, 157
LjMAX1 produced significant levels of CLA but not 5DS (Fig. 1) . Although 5DS was not detected 158 as a metabolite of CLA, the CLA+16 Da putatively identified as 18-HO-CLA was detected at small 159 levels (Fig. 2) (Yoneyama et al., 2018a) . To confirm the inability of LjMAX1 to produce 5DS, we 160 carried out feeding experiments with CL or CLA by in vivo bioconversion using living yeast cells 161 8 (Nomura et al., 2013b; Yoneyama et al., 2018a) . Both substrates did not yield the product 5DS ( Fig.  162 S5a,b). 163 164
Identification of the CLA+16 Da as 18-HO-CLA 165
To confirm the putative 18-HO-CLA, we synthesized 18-HO-MeCLA in eight steps (Scheme 1) 166 starting from the triflate ester which was reduced with diisobutylaluminium hydride to give triflate 167 alcohol. After protection of the hydroxyl group by a tert-butyl(dimethyl)silyl (TBDMS) group, the 168 resultant silyl-protected triflate was subjected to the Heck reaction with acrolein to afford TBDMSO-169 C12-aldehyde. The silylated aldehyde was converted to TBDMSO-C13-aldehyde via the Corey-170
Chaykovsky epoxidation with dimethylsulfonium methylide, followed by methylaluminium bis(4-171 bromo-2,6-di-tert-butylphenoxide) (MABR)-promoted rearrangement of epoxide to aldehyde. The 172 silylated C13-aldehyde was converted to the corresponding methyl ester with sodium cyanide and 173 manganese oxide in methanol. Ester condensation of methyl ester with methyl formate followed by 174 O-alkylation with bromo-butenolide provided 18-TBDMSO-MeCLA. After purification by 175 preparative HPLC, 18-TBDMSO-MeCLA was deprotected with aqueous acetic acid to afford 18-176 HO-MeCLA. The identity of 18-HO-CLA was confirmed by comparison of retention time and mass 177 spectra of the methyl ester derivative of the Os900 product with those of the chemically synthesized 178 standard in LC-MS/MS analysis ( Fig. 3) . 179 180
(11R)-CL is an endogenous precursor for (+)-5DS in L. japonicus 181
We analyzed endogenous CL in the root extract of L. japonicus WT using chiral LC-MS/MS. As in 182 rice and Arabidopsis, only the (11R)-isomer of CL, but not the (11S)-isomer, was detected ( Fig. S6 ). 183
Next, to demonstrate that (+)-5DS was produced from (11R)-CL, we performed feeding experiments 9 using L. japonicus WT while inhibiting endogenous SL production with the carotenoid pathway 185 inhibitor fluridone (Matusova et al., 2005) . The WT seedlings were grown hydroponically, and 186 incubated with (11R)-or (11S)-[1-13 CH3]-CL in the presence of fluridone. Significant incorporation 187 of 13 C-label into 5DS was observed for the (11R)-isomer but not for the (11S)-isomer (Fig. 4a ). The 188 absolute configuration of the resulting [8-13 CH3]-5DS was determined to be (+)-5DS by comparison 189 of the retention time with synthetic stereoisomers using chiral LC-MS/MS (Fig. 4b ). These results 190 showed that L. japonicus produced (+)-5DS from endogenous (11R)-CL. 191 192
CLA is converted to 5DS and 18-HO-CLA in L. japonicus 193
To investigate whether the LjMAX1 product CLA is a biosynthetic precursor for SLs in planta, we 194 examined the conversion from exogenous CLA into SLs using L. japonicus WT. Feeding [1-13 CH3]-195 CLA to fluridone-treated hydroponic culture was carried out, and labeled products were analyzed by 196 LC-MS/MS. We could detect the peak of [8-13 CH3]-5DS whose m/z is increased by one mass unit in 197 [1-13 CH3]-CLA-fed samples compared with an unlabeled authentic standard ( Fig. 5a ). In addition, [1-198 13 CH3]-18-HO-CLA was detected as a metabolite of labeled CLA in root exudates based on the 199 comparison of the full-scan MS spectrum and the retention time on LC with those of unlabeled 200 authentic standard (Fig. 5b ). In an attempt to detect 18-HO-CLA produced by L. japonicus, we could 201 detect 18-HO-CLA by LC-MS/MS in the root exudates of WT plants, although the full-scan MS 202 spectrum was not obtained due to its scarcity ( Fig. S7 ). These results indicated that L. japonicus 203 converts CLA to 5DS and 18-HO-CLA in planta. 204 205 2.6. 18-HO-CLA derivatives are converted to 5DS and LL 206
We next conducted a feeding experiment to investigate whether the in vitro and in planta metabolite 207 of CLA, 18-HO-CLA, is converted to 5DS in L. japonicas. Although 18-HO-CLA has been predicted 208 to be an intermediate for canonical SLs, its chemical synthesis has not been achieved to date (Ueno 209 et al., 2018; Kaori Yoneyama et al., 2018a; Zhang et al., 2014) . Instead we synthesized [10-13 C]-18-210 HO-MeCLA by the above established method using methyl [ 13 C1]formate as a labeling reagent. We 211 expected that methyl ester could be hydrolyzed to the corresponding carboxylic acid by non-specific 212 esterases when fed to L. japonicus roots. A significant level of [10-13 C]-18-HO-CLA was indeed 213 detected in the root exudates of the WT plants, when [10-13 C]-18-HO-MeCLA was fed to fluridone-214 treated hydroponic culture. Simultaneously, we could successfully detect [6 -13 C]-5DS whose m/z is 215 increased by one mass unit compared with an unlabeled authentic standard in 13 C-18-HO-MeCLA-216 fed samples (Fig. 6a ). These results suggested that [10-13 C]-18-HO-MeCLA was converted to [6 -217 13 C]-5DS, likely via [10-13 C]-18-HO-CLA by L. japonicus. We assumed that 18-HO-MeCLA is likely 218 to be a precursor also for LL since this non-canonical SL has the B-ring and the carboxylmethyl group. 219 LC-MS/MS analysis of the above exudates revealed that 13 C-label was incorporated into LL ( Fig. 6b ). 220
In this case, the bioconversion of [10-13 C]-18-HO-MeCLA to [6 -13 C]-LL presumably proceeded 221 without hydrolysis of methyl ester. 222 223 224
Discussion 225
The deficiency of 5DS and LL production in the L. japonicus max1 mutant is similar to those 226 SL biosynthesis in L. japonicus. By yeast heterologous expression and chemical synthesis, we 229 demonstrated that LjMAX1 converts CL via CLA to18-HO-CLA but not to 5DS. The inability of 230 12 the stereospecific conversion of (11R)-CL to their respective strigol-and orobanchol-type SLs was 254 demonstrated (Iseki et al., 2018) . In tomato, biochemically prepared CL (Alder et al., 2012) was 255 converted to its canonical SLs, orobanchol, ent-2 -epiorobanchol and solanacol, and also to the three 256 putative didehydroorobanchol isomers (Zhang et al., 2018) . 257 18-HO-CLA which we identified as the end-product by LjMAX1 is likely to be a precursor for 258 5DS biosynthesis in L. japonicus. This is likely to be the case for the 4DO biosynthesis of popular 259 whose two MAX1 homologs produce 18-HO-CLA as an end-product (Kaori Yoneyama et al., 2018a) . 260
To support this hypothesis, we show that 18-HO-CLA is produced from CLA in planta by feeding 261 experiments and also that 18-HO-CLA is endogenously present in the root exudates of L. japonicus 262 ( Fig. S7 ). Furthermore, we demonstrated that 18-HO-MeCLA is converted to 5DS in planta by 263 feeding experiments. Taken together, these data are first to demonstrate that 18-hydroxylated 264 carlactonoates are the intermediates for canonical SL biosynthesis. 265 LL is a non-canonical SL that contains the AB-ring but lacks the C-ring. This C20-skeleton 266 compound has been presumed to be derived from MeCLA or its isomers and their oxygenated 267 derivatives (Yoneyama et al., 2018b) . We showed that LL is produced from 18-HO-MeCLA in planta 268 by feeding experiments. This indicates that 18-hydroxylated carlactonoates are common 269
intermediates for 5DS and LL in L. japonicus. A probable cyclization mechanism for the two different 270 ring systems between 5DS and LL from the common intermediates can be well explained by the 271 hypothesis for the ring formation reaction (Chojnacka et al., 2011) . The single concerted mechanism 272 may form the BC-ring of 5DS, whereas the stepwise mechanism is applicable to explain the formation 273 of the B ring in LL. 274 275
Concluding Remarks 276
In this study, we showed that LjMAX1 (CYP711A9) is the crucial enzyme in the biosynthesis of 277
Lotus SLs and that 18-hydroxylated carlactonoates are precursors for SL biosynthesis in L. japonicus 278 ( Fig. 7) . Considering the structure of 18-hydroxylated carlactonoates and the mechanisms of 279 cyclization reaction, the downstream enzyme(s) involved in 5DS biosynthesis might catalyze 280 protonation of the hydroxyl and a stereocontrolled cyclization of B-and β-oriented C ring 281 accompanied by the loss of a water molecule. LL is a highly decorated SL, and multiple enzymes 282 should be included in its biosynthesis from 18-hydroxylated carlactonoates. Our discovery will 283 further contribute to the understanding of the molecular basis for the structural diversity in SLs. with an electrospray source as reported previously . 332 333
LjMAX1 cloning 334
The 5-wk-old seedlings were transferred to hydroponic culture with tap water, and further grown for 335 an additional 3 days. Total RNA was extracted from roots using the RNeasy Plant Mini Kit (Qiagen). 336
The first strand cDNA was synthesized from total RNA using SMARTer RACE cDNA Amplification 337 Kit (Clontech). ORF fragments were amplified by Advantage® 2 Polymerase Mix (Clontech) from 338 the cDNA. The primer pairs used were LjMAX1 forward primer (LjMAX1-F) and reverse primer 339 (LjMAX1-R). Primer sequences listed in Table S1 were used. The ORF fragments were ligated into 340 the cloning vector pTAC1 (DynaExpress) for sequencing. The ORF cDNAs were ligated into a 341
BamHI/SacI site of the pYeDP60 vector (Pompon et al., 1996) . The resulting pYeDP60-LjMAX1 342 plasmid was transformed into Saccharomyces cerevisiae strain WAT11 (Pompon et al., 1996) An LjMAX1 LORE1 insertion allele (line 30101744) and segregating WT were genotyped with the 349 primers indicated in Table S1 , together with the LORE1-5out primer as described (Fukai et al., 2012; 350 Urbański et al., 2012) . 351
The 5-wk-old Ljmax1 LORE1 insertion mutants were transferred to a Falcon tube (50 ml) 352 containing 40 ml tap water, and were grown for an additional 2 days. The culture media were passed 353 through Oasis HLB column 1cc, and eluted with 3 ml 90% acetone/water with 0.1% acetic acid. The 354 eluates were concentrated to water, and the residues were extracted with ethyl acetate twice. The ethyl 355 acetate phase was concentrated to dryness under nitrogen gas, dissolved immediately in acetonitrile 356 and subjected to LC-MS/MS analysis using UHPLC (Nexera X2; Shimadzu) and an ion trap 357 instrument (amaZon SL, Bruker) as above. 358 359
Gene expression analysis of LjMAX1 LORE1 insertion mutants 360
Total RNA was extracted from roots of 5-wk-old seedlings using RNeasy Plant Mini Kit (Qiagen). 361
Total RNA was used to synthesize cDNA using the High Capacity RNA-to-cDNA Kit (Invitrogen). 362
Real-time quantitative PCR (qPCR) was performed with the real-time PCR system (Applied 363 Biosystems7300, Applied Biosystems) using primers as listed in Table S1 . Relative expression of 364 transcripts was normalized to the average expression level of L. japonicus housekeeping gene 365 (Ubiquitin 4) amplified using primers as listed in Table S1 . To compare gene expression in WT and 366 LORE1 insertion mutant (Ljmax1), the expression levels were normalized to the expression levels in 367 the WT plants. The organic phase was washed with brine and water, dried over anhydrous Na2SO4, and concentrated 433 in vacuo. Purification by silica gel column chromatography using 5% (vol/vol) stepwise elution with 434 ether and n-hexane gave the ionone as a yellow oil (3.12 g, 10.1 mmol, two steps, 25%). After stirring at 0 °C for 1.0 h, the mixture was warmed to room temperature and stirred for 15 min. 449
The reaction mixture quenched with water and extracted with n-hexane. The organic phase was 450 washed with water, dried over anhydrous Na2SO4, and concentrated in vacuo to give the crude 451 epoxide (3.3 g, quant.) which was used for the next reaction without purification. 
(E)-4-(2-(((tert-Butyldimethylsilyl)oxy)methyl)-6,6-dimethylcyclohex-1-en-1-yl)but-3-460 enal (7) 461
To a solution of 2,6-di-tert-butyl-4-bromophenol (1.15 g, 4.03 mmol) in CH2Cl2 (75 ml) was added 462 at room temperature a 1.4 M hexane solution of trimethylaluminium (1.52 ml, 2.13 mmol), and the 463 solution was stirred at room temperature for 1 h under Ar. To a solution of the MABR (2.0 mmol) 464
in CH2Cl2 was added a solution of crude epoxide (3.3 g, crude) in CH2Cl2 (6.5 ml) at −78 °C, and the 465 resulting mixture was stirred at −78 °C for 30 min under Ar. The reaction mixture was poured into 466 ice-cold water (90 ml), and extracted with n-hexane. The organic phase was washed with saturated 467 aqueous NaHCO3 and brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue 468 was subjected to ODS column chromatography eluted stepwise with 70-100% (vol/vol) acetonitrile 469 in water [5% (vol/vol) increments]; 90-95% acetonitrile eluates were combined, evaporated to water 470 in vacuo, extracted with ether, and evaporated to give the tert-butyldimethylsilyloxy-aldehyde (1.36 471 g, 4.21 mmol, two steps 42%). Methyl (2E,3E)-4-(2-(((tert-butyldimethylsilyl) 
oxy)methyl)-6,6-dimethylcyclohex-1-en-494

1-yl)-2-(((4-methyl-5-oxo-2,5-dihydrofuran-2-yl)oxy)methylene)but-3-enoate (18-TBSO-495
MeCLA, 9a) 496
To a suspension of sodium hydride (22.5 mg, 0.562 mmol) in DMF (335 μl) was added a solution of 497 carboxylic acid methyl ester (110 mg, 0.312 mmol) in DMF (335 μl) at room temperature under Ar. 498
Then methyl formate (96.5 μl, 1.56 mmol) was added, and the mixture was stirred for 13.5 h. After 499 cooling to 0 °C, (±)-4-bromo-2-methyl-2-buten-4-olide (36.5 μl, 374 mmol) in DMF (84 μl) was 500 added, and the reaction mixture was stirred at room temperature for 3 h under Ar. The mixture was 501 poured into ice cooled 0.1 N HCl and extracted with ether. The organic phase was washed with water, 502 dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was subjected to silica gel 503 chromatography eluted stepwise with n-hexane and ethyl acetate [10% (vol/vol) increments]. The 20-504 30% ethyl acetate eluates containing crude 18-TBSO-MeCLA were purified by a semipreparative 505
Inertsil SIL-100A HPLC column (ϕ 10 × 250 mm, 5 μm; GL Sciences), using isocratic elution with 506 5% ethanol in n-hexane at a flow rate of 4.0 ml/min and monitored at 254 nm to give 18-TBSO-507
MeCLA (3.02 mg, 6.34 μmol, 2.0%, t R 10.7 min). Methyl (2E,3E)-4-(2-(hydroxymethyl)-6,6-dimethylcyclohex-1-en-1-yl)-2-(((4-methyl-5 -517
oxo-2,5-dihydrofuran-2-yl)oxy)methylene)but-3-enoate (18-HO-MeCLA, 1a) 518
To a solution of 18-TBSO-MeCLA (6.0 mg, 13.0 μmol) in THF (1.5 ml) was added at room 519 temperature acetic acid (4.5 ml) and water (1.5 ml), and the mixture was stirred for 3 h. The reaction 520 mixture was poured into water and extracted with ether. The organic phase was washed with water, 521 dried over anhydrous Na2SO4, and concentrated in vacuo. Purification by silica gel column 522 chromatography using 20% (vol/vol) stepwise elution with ether and n-hexane gave the 18-HO- Methyl (2E,3E)-4-(2-(((tert-butyldimethylsilyl)oxy)methyl)-6,6-dimethylcyclohex-1-en-532   1-yl)-2-(((4-(methyl-13 C) -5-oxo-2,5-dihydrofuran-2-yl)oxy)methylene)but-3-enoate ([10-13 C]-533
18TBSO-MeCLA, 9b) 534
To a suspension of sodium hydride (21.8 mg, 0.54 mmol) in DMF (294 μl) was added a solution of 535 carboxylic acid methyl ester (95.8 mg, 0.272 mmol) in DMF (478 μl) at room temperature under Ar. 536
Then 13 C-methyl formate (85.5 μl, 1.36 mmol) was added, and the mixture was stirred for 3 h. After 537 cooling to 0 °C, (±)-4-bromo-2-methyl-2-buten-4-olide (32.1 μl, 0.326 mmol) in DMF (73.5 μl) was 538 added, and the reaction mixture was stirred at room temperature for 1 h under Ar. The mixture was 539 poured into ice cooled 0.2 N HCl and extracted with ether. The organic phase was washed with water, 540 dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was subjected to silica gel 541 chromatography eluted stepwise with n-hexane and ethyl acetate [4% (vol/vol) increments]. The 16-542 20% ethyl acetate eluates containing crude 13 C-18-TBSO-MeCLA were purified by a semipreparative 543
Inertsil SIL-100A HPLC column (ϕ 10 × 250 mm, 5 μm; GL Sciences), using isocratic elution with 544 4% ethanol in n-hexane at a flow rate of 4.0 ml/min and monitored at 254 nm to give 18-TBSO- Methyl (2E,3E)-4-(2-(hydroxymethyl)-6,6-dimethylcyclohex-1-en-1-yl)-2-(((4-(methyl Roots of 9-wk-old seedlings (1-1.5 g) were used. The CL purification method and LC-MS/MS 570 analysis was performed as described previously . 571 572 5.13. Identification of 18-HO-CLA in root exudate 573
The 5-wk-old plants were transferred to a Falcon tube (50 ml) containing 40 ml tap water, and grown 574 for an additional 2 days. The culture media were pass through Oasis HLB column 1cc (Waters), and 575 eluted with 3 ml 90% acetone/water with 0.1% acetic acid. The eluates were concentrated to water, 576 and the aqueous residues were extracted with ethyl acetate twice. The ethyl acetate phase was 577 concentrated to dryness under nitrogen gas, dissolved immediately in acetonitrile, and subjected to 578 LC-MS/MS analysis using UHPLC (Nexera X2; Shimadzu) and a triple quadrupole/linear ion trap 579 instrument (LIT) (QTRAP5500; AB SCIEX) as above. 
